Understanding and controlling anionic redox processes is pivotal for the design of new Li-ion battery and water-splitting materials.
R edox chemistry provides the fundamental basis for numerous energy-related electrochemical devices, among which are electrolysers, fuel cells and batteries. Throughout its history, Li-ion battery technology (LIB) has relied on cationic redox reactions as the primary source of energy storage capacity. This is no longer true with the recent discovery of Li-driven reversible formation of (O 2 ) n-species in new layered oxides that have led to staggering increases in energy storage capacity. Such findings could offer a transformative approach to creating advanced energy materials, not only for lithium storage but also for the oxygen evolution reaction (OER), as both involve (O-O) bond formation. The exploration of these new opportunities calls for a better understanding and rationalization of the science underpinning anionic redox activity. In this Commentary, we aim to raise the energy community's awareness of the benefits that this new vision could bring to materials design for energy storage and conversion applications.
Lithium-ion batteries are energy storage devices based on positive and negative electrodes that operate via an insertion/deinsertion process associated with the redox activity of 3d-metal cations in the positive electrode. The first commercialized Li-ion cells used LiCoO 2 as a positive electrode, and this layered material remained the 'stellar electrode' for two decades. By partially substituting Co with Ni and Mn within the MO 2 2, 3 . Known as Li-rich NMC, this shows capacities (270 mAh g -1 ) exceeding the theoretical capacities based on the redox activity of the cationic network. Typically, such compounds release Li through an oxidation process manifested as a staircase voltage curve ending with a high voltage plateau (~4.5 V), and re-absorb Li through a reduction process with an S-type voltage profile 3, 4 . Such a voltage-composition profile differs enormously from those of classical insertion compounds with charge and discharge curves that mirror each other nicely.
Attempts to explain such a marked difference have failed because of the complexity of the Li-rich system, which enlists several cationic (Ni n-species in these materials 5, 6 , confirming what we had speculated 7, 8 as early as 1999. On that basis, their high capacity was explained as being due to cumulative cationic (M ) reversible redox processes 6, 9, 10 . This substantially boosts the limit of the Li-ion technology by raising the capacity limit, usually believed to be 1e -per 3d metal. Moreover, it enables the use of 4d rather than 3d metals, so far disregarded because of their heavy weight, thus opening a new line in the periodic table with which chemists can establish new phases. This finding has received worldwide attention with the emergence of new materials. For example, a rock salt compound Li 1.3 Nb 0.3 Mn 0.4 O 2 -which uses a 4d metal (Nb instead of Ru) and shows a reversible capacity of 300 mAh g -1 involving an anionic redox process -has recently been uncovered 11 , and there are a number of other materials in the pipeline. Sodium-based electrodes benefiting from anionic redox activity have also recently been reported 12 .
Anionic redox can also play an integral role in catalysing oxygen electrocatalysis, especially for the OER. One prevailing mechanism for oxygen electrocatalysis on transition metal oxides such as rutiles or perovskites derives from that of metal catalysts 13, 14 . Hence, special attention has been paid to the oxygen binding strength on the surface of catalysts following the Sabatier principle: the most active catalyst binds oxygen to the surface neither too strongly nor too weakly. Tuning the surface electronic structure of oxides has been shown to enhance the catalytic activity 15, 16 . Over the past few years, this view has begun to be challenged by a few observations highlighting the importance of the bulk oxide electronic structure in catalysing oxygen electrocatalysis, through the possible involvement of lattice oxygen in the OER process [17] [18] [19] [20] [21] . In 2013, we demonstrated that the energy of the oxygen p band relative to the Fermi level in transition metal oxide perovskites could be used as a descriptor for the activity and stability of OER catalysts 22 . This finding emphasizes the need for shifting the oxygen p band closer to the Fermi level, as it can trigger the redox activity of the lattice oxygen to increase the oxygen reduction 16 and evolution 23 reaction (ORR/OER) activities of perovskites. The implication of lattice oxygen in oxygen electrocatalysis is not restricted to water splitting, but has also been discussed for high-temperature solid oxide fuel cell (SOFC) materials. For example, Lee et al. in 2011 reported that surface oxygen exchange kinetics for perovskites were correlated with the position of the oxygen p-band centre relative to the Fermi level 24 . In 2015, Mueller et al. 25 further developed this idea by demonstrating that lattice oxygen anions are a significant redox partner to gaseous oxygen, O 2(g) , on the surface of SOFC materials. This timely finding, which coincided with the need for strong metal d-and oxygen p-band overlap to trigger the anionic redox activity required for highcapacity layered oxide electrodes, indicates commentary a possible synergy between electrocatalysis and battery materials.
Here we attempt to describe the fundamentals behind this apparent synergy, to establish a comprehensive scientific platform for the design of materials at the crossroads of batteries and water splitting. Based on our present state of understanding, key parameters for the formation of (O-O) bonds and (O 2 )
n-species will be reviewed. The presence of such species as a common denominator in battery and oxygen electrocatalysis materials will be discussed, together with the opportunities that it offers. Finally, research directions that could emerge from this new outlook on electrodes and electrocatalysts will be proposed.
Processes in insertion oxide electrodes
The amount of Li + uptake by an insertion Li x M n X y compound and the potential at which it inserts Li + depends on both material crystal and electronic structures. Its redox potential is mainly related to the iono-covalence of the M-X bond, with the highest potential for the M-X bonds having the largest ionicity 26 . One should recall that for M-X-based materials the band structure is made of one low-lying band arising from bonding M-X electronic levels (MX in Fig. 1 ) and one high-lying band arising from antibonding M-X states (MX* in Fig. 1 ). These two bands are separated by one band of purely non-bonding ligand states. What we classically describe as the metal d band is in fact the MX*. Owing to the high ionicity of insertion oxides, a schematic drawing of their density of states places the 3d metal cationic band well above the p anionic band ( n-species by modifying their environment 30 . Tuning the relative positions of the cationic d and anionic p levels offers chemists another dimension in which to design high-capacity electrode materials, cumulating both cationic and anionic redox capacities.
Two options can be explored to increase the covalence of the oxide framework. The first relies on replacing oxygen by less electronegative ligands, such as X = S, Se or Te, so as to raise the energy level of the X p band and increase the overlap. For a given ligand, the other option consists of lowering the energy of the transition metal (TM) d orbitals by using a more electronegative metal. This is done, for instance, by replacing Mn with Ru in Li 2 MO 3 as the overlap is stronger for Ru(4d)−O(2p) than for Mn(3d)−O(2p), because the atomic Ru(4d) orbitals are more spatially expanded and less correlated than the Mn(3d) orbitals 30 . A fine-tuning of these qualitative trends can be made by computation 30 , but another critical issue for the selected configurations is the stability of the Li-driven oxygenated species (O 2 ) n-formed at high voltages against O 2(g) release (leading to the formation of oxygen vacancies) 30 . We should recall that the electrochemical removal of Li + from the Li-rich Li[Li 0.2 Ni 0.14 Co 0.13 Mn 0.54 ]O 2 phase triggers the formation of (O 2 )
n-species at 4.5 V, a part of which recombines into O 2 leading to an irreversible capacity loss and an electrode material with a surface depleted in oxygen 31 .
To gain further insight into the formation of (O 2 )
n-species and their eventual recombination into O 2(g) , we made use of the rich Li 2 MO 3 family (which accommodates n-formation and O 2(g) release, whereas for the Ru-and Ir-based phases there is solely formation of (O 2 ) n-uniformly throughout the bulk 10 . From this set of results, we can tentatively say that a correlation seems to exist between the oxidation voltage and the stability of (O 2 )
n-against recombination into O 2 , which is enhanced at higher voltages (Fig. 2a) . This finding is starting to trigger a new mindset among researchers that we are not limited only to cationic redox processes in conceiving insertion electrodes.
Processes in oxygen electrocatalysts
The relative position of the metal d and oxygen p bands of metal oxides can also play an important role in catalysing water splitting. In a simplistic view, the metal centre of the electrocatalyst acts as the absorption site and redox centre, allowing for electron transfers during the water oxidation (Fig. 2c) . This implies that for the OER at 1.23 V versus the reversible hydrogen electrode (V vs RHE), the redox centre needs to provide or accept electrons with an energy close to that corresponding to the thermodynamic potential of oxygen in water, in order to minimize the associated overpotential (Fig. 2b) . The perovskite and rutile families, owing to their rich crystal chemistry, have been used as the perfect playground for tuning physical parameters governing the electronic properties of the metal oxide 22, [36] [37] [38] [39] . There is a consensus between theoretical and experimental results, with oxides attaining high catalytic activity for OER using less electropositive metals (Cr < Mn < Fe < Co ~ Ni) 14, 38, 40, 41 with high oxidation states 22, 36, 40 . Moreover, enhanced OER activity has been observed when increasing both the M-O covalency 42 and the computed centre of the oxygen p band relative to the Fermi level, in a set of fully oxidized cobalt-based perovskites 22 . Nevertheless, for late transition metal ions in the valence state 3+/4+, the metal d band enters the oxygen p band, and the redox centre of the catalyst is no longer defined by the metal alone. Eventually, when anionic redox is activated, oxygen can be evolved by oxidation of lattice oxygen at a potential higher than 1.23 V vs RHE. This has been observed for today's most active OER oxide catalysts (Fig. 2d ) 17, 19, 43 . Therefore, the OER activity is continuously enhanced when switching from largely cationic redox (first scenario in Fig. 2b ) to catalysts that activate anionic redox (second scenario in Fig. 2b ). Bearing in mind that the O-O bond formation is often found to be rate-limiting for the OER on the surface of transition metal oxides (TMO) (step 2 in Fig. 2c ) 14 , this trend indirectly translates to the ease with which two O -radicals can form an O-O bond on the surface of highly covalent catalysts (step 2 in Fig. 2d ). Therefore, OER mechanisms for TMO made of ionocovalent metal-ligand bonds can differ significantly from those for metals studied traditionally by the heterogeneous catalysis community and often cannot be described by the classical approach (Fig. 2c (Fig. 2a) ), the oxide electronic structure governs the formation of (O 2 ) nspecies, whereas for a potential above which O 2(g) is thermodynamically stable, bulk or surface oxygenated species are prone to be further oxidized and gaseous oxygen to be released. It is then expected that (O 2 )
nspecies will not be stable at a potential above about 4.3 V vs Li + /Li. This observation is also critical for the understanding of the OER mechanism and the catalyst stability under OER conditions at different pH.
The apparent synergy between oxygen redox of lithium insertion oxides and oxide catalysts, rooted in the bulk oxide electronic structure, opens new avenues for designing catalysts for oxygen electrocatalysis. Recent studies have begun to explore the possibility of tuning the redox level of lithium insertion layered compounds for OER 45, 46 , where some exhibit markedly high activities 47 . Whereas the classical vision adopted for heterogeneous catalysts focuses on the formation of O-O bonds on the surface of the catalyst, open structures such as layered compounds for which water can penetrate in between the MO 2 planes might exhibit high activities by rendering bulk (O 2 ) n-species active for the OER. It will then be important to understand (i) the kinetics associated with the lattice oxygen release, (ii) the chemical surface reconstruction process driven by water and (iii) the structural reorganization triggered by (ii). Finally, the choice of pH in optimizing the OER performances will become pivotal. These are exciting questions to explore. Answers would provide valuable insights into the effect of anionic redox on the efficiency of the OER process. Moreover, they will enable a platform to be established for investigating more complex structures such as the one observed for electrodeposited oxide clusters, reported by Nocera and co-workers to show oxygen release 17 . Exploiting this opportunity further will call for crystal chemistry considerations to promote the formation of O-O bonds in bulk oxides, bearing in mind that they form more easily for low-dimensional layered oxides than in three-dimensional structures (such as cubic perovskites) that have been extensively studied so far. For the latter, the rigidity of the 3D network made of corner-shared octahedra does not allow the bulk formation of such O-O bonds, in contrast to the truncated surface octahedra that provide sufficient flexibility to the M-O bond to form labile O-O bonds. Hexagonal perovskites of general formula Ln 2 Sr 2 MO 7+δ (M = Ru, Ir) that contain bulk peroxide ions are so far the only exception [48] [49] [50] . To broaden the spectrum of perovskite compounds hosting O-O bonding, several paths can be envisioned. The exploration of nickel oxide and copper oxide perovskites seems fertile ground, because these 3d metals are known to accommodate the formation of ligand holes (high-T c cuprates or La 2 NiO 4+δ , for instance) 29, 51 . Alternatively, perovskites using both late transition metals and high oxidation states, so as to increase the M d-and O p-band overlap, are attractive but difficult to obtain unless new synthetic routes are developed or new crystal structures unravelled. Lastly, oxides with lower dimensionality such as the double perovskites LnBaCo 2 O 5+δ , layered Ruddlesden-Popper Ln n+1 M n O 3n+1 phases (Ln being a rare-earth and M a late transition metal) or even quadrupole perovskites such as AAʹM 4 2-redox couple as a function of pH, and hence its importance in the O 2 release. E°, the standard potential; O 2(g) , gaseous oxygen release during the oxidation. c, The classical four-steps OER mechanism of proton-coupled electron transfer (PCET), for which the rate-determining step is often found to involve the formation of an OOH intermediate 14 that is assisted by increasing the covalence of the TM-O bond 15, 22 . d, The idealized OER mechanism based on the direct pairing of two lattice oxygens which is made possible by the anionic redox process. There is experimental evidence supporting such a mechanism for an OER catalyst from in situ Raman spectroscopy with the detection of (O-O) n species 61 and of the loss of lattice O 2(g) (step 3), as deduced recently by coupling isotopic 18 O labelling with mass spectrometry measurements 44, 45, 62, 63 . Note that for the latter mechanism, pH dependence associated with chemical deprotonation of OH groups can be observed; this is however out of the scope of the present manuscript. n-species formed on the surface 52 . From this simplistic picture, it seems that TMO showing detectable capacitance could also display better performance for water splitting. This could be an indirect way to screen potential candidates in our quest for more active catalysts, an approach being undertaken at present.
Extension of metal-ligand reasoning
At this stage, a legitimate question is whether this new vision of classifying electrocatalysts by their redox centre holds for other type of reactions. The first that comes to mind is the other half-reaction of water splitting: the hydrogen evolution reaction (HER) that reduces protons from water to form H 2(g) . This implies, based on our understanding developed for OER catalysts consisting of late transition metal oxides, the need for compounds with more strongly reductive metal-ligand bonds, so as to provide a lower redox potential and better stability on reduction (Fig. 3) . A simple strategy would consist in using a ligand with lower electronegativity, such as sulphur or selenium, coupled with an early transition metal. This concept, previously used to tune the Li + insertion potential of positive electrodes for LIBs, gives rise to materials such as MS 2 (with M being an early transition metals such as Ti, Mo or W), characterized by a redox potential ~1.5-2 V lower than for TMO. Hence, MoS 2 or other chalcogenides such as WS 2 or TiS 2 , which have a redox potential well aligned with the thermodynamic potential for HER, are currently considered as state-of-the-art non-precious HER catalysts [53] [54] [55] . Following this line of thinking, both fields can be reconciled by observing that the enthalpy of the reaction A + + e -+ MX n → AMX n (with A being Li or H) is the key factor governing the surface reduction and the HER kinetics (ΔG H* ), as well as the bulk Li + insertion potential (-nFE cell = Δ r G).
This second example emphasizes that oxidizing metal-ligand bonds are appropriate for high-potential applications, and that more reducing metal-ligand bonds would be used as electrocatalysts for a low-potential reduction reaction. Such a simple chemical intuition also holds for the design of phosphides 56 , carbides 57 or nitrides 58 as HER electrocatalysts. It is also worth noting that 3d-metal phosphide phases (such as Li 7 MnP 4 ) were previously proposed as negative electrodes for Li-ion batteries owing to their enormous capacity associated with the redox activity of the phosphorus network 59, 60 , raising the question of the ligand redox participation in the HER mechanism.
Conclusion
Through this Commentary, we have tried to describe the cross-disciplinary interest provided by the recently established anionic redox activity in oxides, together with the transformative approach that it offers to the creation and design of new battery and energy-related materials such as electrocatalysts for water splitting. An increasing number of papers dealing with either Li-or Na-based compounds showing extra capacities and referring to anionic redox chemistry are appearing, and others are in the pipeline. Additionally, we have provided insights into the possible impact of anionic redox on designing new heterogeneous electrocatalysts. This is the beginning of a new direction in materials science, with the M d-and X p-band mixing at the centre of this approach. At this stage, close integration with computational theory is essential, not only for establishing a hybridization indicator for recognizing cation-anion pairs and host structures that support anionic redox activity, but also for identifying a reliable parameter controlling the stability of electrochemically driven oxygenated (O 2 ) n-species against recombination into gaseous O 2 at high potential.
Lastly, the discovery of the anionic redox concept calls for new advances in characterization techniques to monitor the reversible formation of superoxo/peroxolike (O 2 ) n-species for both electrodes and electrocatalyst materials. Gas analysis coupled with isotopic labelling will play a critical role in the detection of lattice oxygen loss. Moreover, synchrotron-based techniques such as X-ray photoelectron, X-ray emission or X-ray absorption spectroscopy 23 will lead to a finer understanding of the electronic structure of oxides. ❐ Figure 3 | Electrocatalysts with low redox potential for HER. Schematic diagram showing the design strategy for using materials with lower redox potential than transition metal oxides as HER electrocalatysts. For this, a ligand such as sulphur with lower electronegativity than oxygen is preferred, coupled with an early transition metal.
